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Abstract 
The Fraunhofer IPT has recently developed a self-diagnosing laser system technology which can monitor the process parameters 
of all laser system components and supports the adjustment of the beam guidance of CO2 laser production systems with large 
ranges of travel. The intelligent system furthermore interprets the correlated laser beam parameter responses and proposes 
appropriate measures for preventive maintenance. The new assisted beam guidance adjustment bases upon active reflector 
modules adjusting with a large angular range of average ±0.8° at maximum resolution and a position-sensitive detector for the 
position of the pilot laser. 
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1. Introduction 
Laser technology with its numerous innovative applications belongs to the most important technology drivers in 
Germany. High machining availability is a key factor to ensure the productivity of laser material processing systems. 
In most cases the weak point of production systems based on well established reliable and durable CO2 laser sources 
is the need for a maintenance-intensive beam guidance system with movable mirrors. Production downtimes mostly 
arise due to the correlation of faulty parameters of several laser system components. The search for the cause of and 
solution to the problem requires time-consuming manual maintenance of the optical components: each beam 
guidance component must be individually dismantled, checked, cleaned and or replaced. The reassembly of repaired 
components is not entirely reproducible either, which in turn, entails lengthy, iterative readjustments to the laser 
beam guidance components. Finally, the resultant production downtimes lead to higher costs. 
Fraunhofer IPT developed a CO2 beam guiding system which accomplishes the following functionalities. 
• Assisted beam guidance adjustment 
• Optical monitoring and rating of the reflector surface 
• Holistic process parameter monitoring and initiation of preventive maintenance  
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In order to achieve a large optical travel range of the active reflector modules in addition to a high resolution and 
due to the restricted space in existing laser production systems high precision actuators in combination with a 
hydrostatic system are used. High precision piezoelectric actuators are applied for tilting and a stepper motor for 
translating the plane mirror. The travel is alternatively amplified or reduced by means of the hydrostatic connection 
between the piezoelectric unit or stepper motor and the actuator unit. The bearing of the plane mirror is realized by 
FEA-optimized solid-body joints for the mirror tilting and the mirror translation. 
This paper describes the mechanical setup and development of the above-mentioned active reflector modules as 
well as the development of a self-diagnosing expert system. 
2. Design process and key components of the laser mirror modules 
Regarding the afore given aspects the Fraunhofer IPT has developed amongst other things compact and high 
precise laser reflector modules with high adjustment range and integrated holistic process parameter monitoring. In 
the following the design of the modules is described in detail.  
The main design features of the developed active reflector modules are listed below: 
• Reflector attachment with solid-body joints 
• Hydrostatic actuator systems 
• High resolution eddy-current sensors 
• Integrated monitoring of the cooling cycle 
• Integrated monitoring of the optical reflector 
 
Fig. 1. (a) CAD design model of  the active reflector module; (b) active reflector module prototype 
The important technical specifications of the designed module are summarized in the following table. 
Table 1. Technical specification of the active reflector module 
 Adjusting range Adjustment resolution 
Reflector tilting ± 0.7 … ± 0.95°  ± 0.0005° 
Reflector translation 1.75 mm 1.3 μm 
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2.1. Assembly of the laser reflector attachment 
Serial kinematics offer certain advantages 
not only from the control point of view due to 
the independency of the three moving axes 
against each other which allows applying 
discrete actuators for each axis. The fact that 
both rotary axes intersect and their pivot joints 
are positioned at the same diameter leads to 
exactly identical mechanical behavior of both 
rotary axes (Fig. 2). To achieve a gimbal-
mount attachment of the reflector with both 
high stiffness and low restoring torque the 
Fraunhofer IPT has designed FEA optimized 
solid-body joints for the mirror tilting and 
flexures in form of leaf springs for the mirror translation. The given configuration of the reflector attachment allows 
a reflector pointing with two rotational and one translational degree of freedom with minimal space requirement. 
Due to the internal pre-load the system is furthermore free of friction and mechanical play. To facilitate reflector 
replacement and integration into existing production systems, standard plane copper mirrors with dimensions of 
100x25 mm² will be applied. 
2.2. Configuration and design of the actuator and sensor units 
In order to achieve a total angular travel range of ±0.8° in addition to a high resolution of up to ±5 x 10-4°, high 
precision piezoelectric actuators in combination with a hydrostatic system were used to tilt the reflector (Fig. 3). A 
closed hydrostatic system was needed to answer both the restricted space in existing production systems and the 
need for a stepping motion amplifier to deliver displacement at higher magnitudes. Unlike a mechanical travel 
amplification mechanism with its limited transmission ratio because of the requirement for a friction and play-free 
transmission [1], a hydrostatic travel transmission can provide almost any direction change between the 
piezoelectric and the actuator unit while excluding shear force influences on the piezoelectric element [2]. 
Piezoelectric actuators have a theoretically unlimited resolution but a travel limitation of only a few 100 microns [3]. 
Therefore a magnification device for the piezo travel with a theoretical ratio of 11.7 based on the different piston 
effective areas of the actor and piezo unit stroke (Fig. 3). Since loads and displacements are applied very slowly to 
the plane mirror the inertia forces can be neglected and a static load analysis is justified. The limitation due to 
volume compressibility has been considered by a degree of efficiency. Tests have shown a stroke loss of about 45%. 
Nonetheless this loss was compensated by the provided degree of efficiency and the safety factors of the different 
sub-systems. Metal bellows provide the needed mobility to the pusher which has to be able to tilt with the tilting 
plane to which it is attached and to move up to 0.9 mm in axial direction [4] (Fig. 3). The metal bellow is 
pressurized externally resulting in minimal compression. The closed hydrostatic system is furthermore leakage- and 
maintenance-free. In case of a pressure loss due to oil creepage over the years the pre-load of the hydrostatic system 
can easily be raised by tightening the nut of the piezoelectric actuator housing. The maximal optical angular 
resolution of ±1 x 10-3° allows a resolution of ±175 μm on a 10 m distant measuring plane.  
 
 
 
 
 
Frame
Spacer
Pivot joint
Linear guiding
Reflector mount
Rotary actuator
Translational
actuator
Rack
Fig. 2. Kinematics of the reflector attachment 
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Fig. 3. Reflector attachment design 
For the translation of the plane mirror, a stepper motor combined with a similar hydrostatic system will be used 
(Fig. 5). Only here, the large travel of the stepper motor will be reduced and the resolution magnified using a 
hydrostatic travel transmission. This assembly enables a translational travel range of the reflector of 1.75 mm at a 
resolution of 1.3 μm which means a shift range of the laser beam of 2.47 mm with a minimal step size of 1.84 μm in 
the working plane due to parallel translation. 
In addition to the displacement sensors further sensors have been integrated to monitor the input and output 
temperature of the mirror cooling circuit and thereby the absorption coefficient of the reflector into each active 
reflector module. Furthermore the reflector is optically monitored using a CCD-camera with illumination in order to 
generate a quality indicator for the rating of the reflector surface quality. 
2.3. Configuration and design of the control system 
To obtain a closed-loop controlled active adjustment system the tilt and the translation of the reflector is directly 
measured by eddy current sensors (IBS – ECL202-U8B) with a theoretical resolution of up to 40 nm. By this means 
the movement is directly measured at the critical spot (Fig. 4 and 5). Due to this direct metrology the phase shifts 
between the measuring point and the point of interest are eliminated. To compensate for the piezo hysteresis and 
drift a closed-loop motion control in terms of a proportional-integral controller with the measuring voltage of the 
eddy current sensor as measured output and the piezo control voltage as system input was implemented. To prevent 
controller output instabilities after saturation of the actuator due to its limitations in combination with the principally 
unstable integral action of a PI controller an anti-windup was integrated [5].  
Unlike the piezo actuators the stepping motor (Fig. 5) for reflector translation is triggered by ASCII commands. 
Therefore an algorithm to automatically convert the position reference into these ASCII commands was 
implemented. The translational position is adjusted when the measured output leaves a predefined tolerance field 
and by doing so maintained at a predefined set point value. 
   All sensors and actors are controlled by a state of the art 16-bit DSP-based control system (dSpace - DS1103 
PPC) with Real-Time Interface. Furthermore the used model-based control system is fully programmable with 
MATLAB/ Simulink. 
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Fig. 4. Closed-loop control configuration of the reflector tilting 
Fig. 5. Closed-loop control configuration of the reflector translation 
2.4. Experimental data 
The designed laser reflector modules have been tested not only in a test-bench setup but also in an industrial laser 
production system. Fig. 6 to 8 show the tilting range of the six tilting axes of the three modules. Two slightly distinct 
configurations to seal the piston from the cylinder of the hydrostatic tilting actuators have been realized on a trial 
basis in the first assembled and tested module. Fig. 6 shows that the sealing method, which was not chosen for the 
remaining five axes, leads to a slightly inferior tilting range (see axis 1A* in Fig. 6).  
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Fig. 6. Tilting range of the first active reflector module 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Tilting of the second active reflector module 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. Tilting of the third active reflector module 
 
Fig. 9 exemplary shows the captured tilting angle of one tilting axis with active position control at increasing 
temperature of the environment. The angle is measured with the eddy-current sensors without filtering. This and the 
previous experiment were conducted in a laser production system under industrial environment. The signal noise is 
attributed to the analog signal transmission over up to 40 meters through an existing cable drag chain. The noise 
could be significantly reduced using digital data transmission. A low pass filter could cut off the low frequency 
spikes of the signal. Even without filtering of the noise and an increase of the ambient temperature during the 
measurement a adjustment resolution of 0.00093° could be reached. With additional optimization of the sensor 
signal a resolution of up to 0.00057° can further be reached. 
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Fig. 9. Adjustment resolution of the active reflector modules 
3. Beam guidance system 
The Fraunhofer IPT has developed an beam guidance system consisting of three active reflector modules as 
described before and a position sensitive detector (PSD) to continuously detect the position of a laser spot along two 
axes in the measuring/ working plane. During beam guidance adjustment the gantry robot is set to a specific position 
over the process path or within the workspace of the CO2 laser production system. The reflectors within the whole 
beam path are then adjusted and the appropriate actuator positions logged into a compensation table. In the 
following the beam guidance adjustment method is illustrated as well as the interpolation of actuator positions over 
the workspace location. 
3.1.  Assisted beam guidance adjustment 
A prerequisite of any adjustment is that the 
pilot laser hits the measuring plane of the PSD. 
Due to the large optical travel range of each of 
the three active reflector units, the large distance 
between the reflectors and beam guidance in 
three-dimensional space the possibility of hitting 
the position detector after reassembly is minimal. 
Furthermore the used PSD, which works like a 
normal photodiode captures not only the light 
spot of the pilot laser beam but also laser 
reflections and ambient light. This makes 
positioning of the laser beam onto the detector 
and the identification of this beam alignment 
condition even harder. Therefore the Fraunhofer 
IPT has implemented an algorithm based on the generic probabilistic metaheuristic Simulated Annealing for the 
location of a good approximation to the global minimum of a given function in a large search space [6]. This 
Fig. 10. Model of the beam path 
Reflector module 1 
Reflector module 2 
Reflector module 3 
Z 
X 
Laser source 
Y 
Y 
X 
Z 
Measuring plane 
∆x, ∆y 
Ti
lti
n
g 
an
gl
e 
[°]
0.2076
0.2078
0.208
0.2082
0.2084
0.2086
0.2088
0.209
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 16.4
16.8
17.2
17.6
18
18.4
18.8
19.2
19.4
Time [sec]
Te
m
pe
ra
tu
re
 [°
C]
 
 
Tilting angle APM2
Temperature
Set point0.20894 → 
0.20875 → 
0.20818 → 
0.20801 → ∆without LPF ~ 0.00093° 
∆
 LPF < 0.00057° 
C. Brecher et al. / Physics Procedia 5 (2010) 157–166 163
 Joffrey Stimpfl/ Physics Procedia 00 () 000–000 
algorithm is able to optimize problems that become unmanageable using combinatorial methods. With the help of 
the Simulated Annealing algorithm it is possible to direct the pilot laser beam from the laser source over the three 
active reflectors onto the measuring surface of the PSD. Therefore the algorithm sets the six tilting axes to different 
random positions and compares the resulting beam position with the optimum. The algorithm can also quit already 
found local optima. At each iteration the size of the angle variation and therefore also a possible deviation to a 
potentially worse extension decreases so that the resulting beam position approaches the optimum (∆x, ∆y → 0). 
The pilot laser alignment to the PSD middle point was successful in all tests. Solely a function target value chosen 
too small could lead to an excess of the allowed iterations and thus to the discontinuation of the optimization 
without result.  
After the direction of the pilot laser beam to the measuring plane with the help of the optimization algorithm 
further steps have to be taken to adjust the beam guidance. Due to the beam position measurement in a two-
dimensional measuring plane the capture of angular offsets within the beam guidance is not instantly possible. The 
angular displacement of the beam path is only ascertainable when measuring with the position sensitive detector at 
different heights and vertical positions in the workspace. The measurement of the beam position and alternate 
movement of the gantry axes can be a time-consuming process. First tests with the integrated laser system have 
shown that manual adjustments of the reflectors assisted by the active reflector modules and the visualized PSD 
output already provide significant time savings regarding beam guidance adjustment. The further development of 
the beam guidance system applied will enable a full automation of the beam guidance adjustment. 
3.2. Actuator position interpolation over workspace location 
The Fraunhofer IPT has developed a tool to log all actuator positions of the active reflector modules together 
with the corresponding location within the workspace into a matrix. This makes it possible to create a compensation 
table with points teached at different locations within the machine workspace or located along the later process path. 
Saved adjustment points can easily be deleted or new ones created. With activated interpolation algorithm during 
operation actuator positions are interpolated depending on the location regarding deposited locations saved in the 
compensation table. The actuator interpolation setting should provide compensation of deadjustments resulting from 
misaligned components outside of the guiding system or irregularities of structural machine elements. The ultimate 
goal is the adjustment of the beam guidance throughout the whole workspace of the laser production system 
regardless of misalignment of individual components of the overall system.  
First experiments regarding the interpolation of the actuator positions over the workspace (6m x 3m) with a basic 
compensation table and rudimentary interpolation algorithms have shown the potential of this beam position 
adjustment strategy due to an already reduction of the beam position deviation of up to 30 percent (Fig. 11). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 11. Comparison of the beam position deviation with and without actuator position interpolation 
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4. Self-diagnosing laser system technology 
In order to capture a complete range of process parameters 
in addition to the actuators and the corresponding sensors, 
further sensor systems like optical reflector and cooling water 
monitoring have been integrated into the reflector module. 
The reflector is therefore optically monitored using a CCD-
camera with illumination (developed by the Bavarian Laser 
Center blz) and the gathered pictures are evaluated using a 
special image processing software (developed by Schäfer 
GmbH) which generates an indicator to rate the current 
surface quality of the reflector. In addition, the already 
existing operating messages such as laser source and machine 
error messages of the production system itself can be 
collected. All relevant data is captured in a central database 
embedded into an expert system (developed by AW-Systems 
GmbH). This system will not only collect and process data of 
all the system components but will also analyze effects on 
laser beam parameters of correlated operating conditions 
(Fig. 12). Moreover, it will record and compare the generated 
results with previous ones. Thereby and due to the access to a 
catalogue of measures proper recommendations can be 
deduced before deteriorating process effects arise. Due to this 
overall approach preventive maintenance can be initiated and 
cost-intensive production downtimes be prevented 
successfully.   
5. Conclusion 
The described active reflector adjustment module will allow highly accurate beam guidance over long machine 
travel. Due to the modular and compact design the high precision active laser mirror modules can easily be 
integrated into existing laser production systems. The combination of large angular adjustment range, high 
resolution and compact assembly plus the integration of different monitoring functions underlines the uniqueness of 
the devised laser mirror modules. 
Initial investigations regarding the implemented system integrated in an actual CO2 laser production system of a 
large steel processing company have shown the functionality of the designed active reflector modules and the 
associated control system technology. All nine actuators of the three active reflector modules have been 
continuously hold at a predefined set point value using closed-loop motion controls for three months now and this 
despite of ambient temperature fluctuations of up to 10 Kelvin during the day.  
The devised intelligent CO2 beam guidance technology consisting of a beam guidance system based on active 
reflector modules and a positions sensitive pilot laser detector in combination with a holistic data acquisition with 
comprehensive evaluation plus preventive maintenance approach provides significant and sustainable availability 
enhancement in production. 
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